The immunoprivileged environment of the testes was first described in the 1930s, and the Sertoli cell was later identified as the main cell type responsible for this phenomenon. Recent work has examined the possibility of recreating this immunoprivileged environment at heterotopic sites using isolated Sertoli cells. These studies have focused on protection of pancreatic islets and neuronal cells from immune destruction in the hopes of reversing type I diabetes and Parkinson's disease. The absence of a definitive marker for identifying Sertoli cells at the transplant site has been an obstacle to this research. The current study examines the presence of a nuclear transcription factor, Sox9, which is preferentially expressed in Sertoli cells. Syngeneic Lewis rat Sertoli cells were transplanted into the renal subcapsular space and a subcutaneous site in Lewis female rats and examined histologically 21 days later. In addition, porcine Sertoli cells were transplanted into the renal subcapsular space in female SCID mice. Control testes and the transplant sites were examined immunohistochemically using an antibody to Sox9. The results from the study demonstrate that Sox9 expression is restricted to the Sertoli cells of the neonatal rat and porcine testis, indicating high homology between species. In addition, Sox9 expression was also observed in the testicular-like tubules that formed in both syngeneic and xenogeneic heterotopic transplants in rats and SCID mice. The Sox9 expression was restricted to the regions where Sertoli cells would be found in the native testis. These results suggest that the Sox9 protein is a useful marker in identifying Sertoli cells in heterotopic transplants in a manner similar to insulin as a marker for pancreatic islets.
INTRODUCTION
Therefore, a means by which this immunoprivileged environment can be recreated in a clinically relevant The immunoprivileged nature of the intratesticular manner is required. Selawry and Cameron (14) isolated environment was first described more than 60 years ago allogeneic Sertoli cell-enriched preparations and co- (6) . More recent studies have demonstrated that this entransplanted these cells with allogeneic pancreatic islets vironment protects the developing germ cells from imin the renal subcapsular space of chemically induced dimune attack and exogenous toxins (16, 17) . abetic rats. The recipients received three doses of Based on this information, Whittington et al. (20) set cyclosporine in the peritransplant period and the islet out to determine if the testis could protect allogeneic grafts survived and functioned indefinitely. Korbutt et islets in a rodent model of chemically induced diabetes.
al. (10) performed the same experiment without immu-These studies demonstrated that transplantation of allonosuppression and achieved similar results. Other groups geneic pancreatic islets into the surgically repositioned have also demonstrated successful reversal of the diaabdominal testis of diabetic rats resulted in graft survival betic state with both allogeneic (19) and xenogeneic (22) and reversal of diabetes without the need for immuno-Sertoli cells.
suppression. Experiments in which Leydig cell function
In addition, allogeneic and xenogeneic Sertoli cells was selectively blocked (15) or eliminated (2) pointed have been transplanted either alone (1,11) or as a coto the Sertoli cells as being primarily responsible for the transplant with fetal neurons (21) in rats with hemiparmaintenance of the immunoprotective environment.
kinsonism. Some restoration of motor control was The abdominal testis is not a practical site for transobserved in the animals following Sertoli cell transplanplantation of islets in patients with type I diabetes.
tation. Sertoli cell survival and function were demon-500 HEMENDINGER ET AL. strated by reversal of the disease state and by morpho-and clearly identifies transplanted Sertoli cells in heterotopic sites. logical identification of cellular elements having the appearance of Sertoli cells in tissue sections of the trans-MATERIALS AND METHODS plant site. Morphological identification, however, is only Animals useful when tissue reorganization has occurred in a testicular-like manner (i.e., formation of "testis-like" tu-Adult female Lewis rats and female C17b severe bules, presence of tight junctions, etc.).
combined immunodeficient (SCID) mice were used as Several strategies have been employed to identify recipients for Sertoli cell transplants. Male 17-day-old Sertoli cells present at the transplant site. Sanberg et Lewis rat pups and 3-day-old outbred piglets were used al. have tried labeling the Sertoli cells in culture prior as syngeneic and xenogeneic Sertoli cell donors, respecto transplant with either latex beads (13) or chlorotively. A representative testis from each species was harmethyl-benzamido-indocarbocyanine (DiI) (1). These vested for testicular analysis of Sox9 expression. Nontechniques, however, have limitations in specificity for transplanted control kidney and skin tissue was also Sertoli cells because any contaminating cells in the prepharvested for Sox9 expression. All animals were housed aration will be labeled as well. Special procedures are and used under IACUC guidance in an AALAACneeded to identify the cells following transplantation approved facility. (i.e., electron microscopy or fluorescence microscopy)
Isolation of Sertoli Cell-Enriched Preparations when latex beads or DiI are used. Commonly used antibodies for identifying Sertoli cell transplants are a pla-A modification of the isolation procedure developed cental Ca 2+ -dependent cell adhesion molecule P-cadherin by Karl and Griswold (7) was used to isolate a Sertoli (11), a mesenchymal cytoskeletal marker vimentin (10), cell-enriched preparation. Briefly, testes were excised or a membrane-bound immunoregulatory protein Fas lifollowing euthanasia, minced in calcium (Ca 2+ ) and gand (10) . However, these molecules are expressed in magnesium (Mg 2+ )-free Hank's balanced salt solution other cell types in and around the transplant site, thereby (HBSS; Sigma, St. Louis, MO), and subjected to enzylimiting their usefulness as definitive markers for Sertoli matic digestion for 12 min at 37°C in a shaking water cells. Experiments designed to optimize the survival of bath using trypsin (0.5 mg/ml, Worthington, Lakewood, Sertoli cell/islet cotransplants in rodent models are a NJ) and DNase I (584 U/ml, Sigma). The digested tissue necessary prelude to scaling up this technology for apwas washed several times in cold Ca 2+ /Mg 2+ -free HBSS plication in a large animal model. These efforts will be at 300 × g for 3 min. The tissue was further digested enhanced if a Sertoli cell-specific marker can be utilized with collagenase (0.25 mg/ml, Sigma type XI), hyalto identify Sertoli cells in the transplanted tissue. We uronidase (0.125 mg/ml, Sigma), and DNase I for 6 min already have specific tools for identifying the cotransat 37°C in a shaking water bath. The digested tissue was planted cells: insulin for pancreatic islets (10) and tyrowashed several times in cold Ca 2+ /Mg 2+ -free HBSS as sine hydroxylase for dopaminergic neurons (11) . Therebefore. The resulting single-cell suspension was counted fore, there is a need for developing a specific marker for using a hematocytometer and plated at a density of 1.5 Sertoli cells. × 10 6 cells/ml in tissue culture-treated 150-mm plates in The Sox9 gene is required for testis and bone formaserum-free Ham's F12 media (Sigma). The cells were tion because human Sox9 mutations cause campomelic cultured at 37°C at 5.0% CO 2 for 48 h prior to transplandysplasia in association with XY gonadal dysgenesis in tation. The cultures were found to contain 90-95% Ser-XY cases (4). Sox9 is expressed in testicular Sertoli toli cells and 5-10% peritubular myoid cells based on cells and acts as a transcriptional activator of the antistaining with antibodies to vimentin (Zymed, South San Mullerian hormone gene, and it is also likely to play Francisco, CA) and smooth muscle α-actin (NeoMarkroles in both the maintenance of the Sertoli cell phenoers, Inc., Fremont, CA), respectively. type (3) and in spermatogenesis (5). Expression of Sox9
Transplantation of Sertoli Cell-Enriched Preparations begins around 11.5 days postcoitus in the mouse testis and is maintained into adulthood (3), indicating that Ser-After 48 h, the Sertoli cell-enriched cultures were harvested from the culture plates using nonenzymatic toli cells beyond 11.5 days postcoitus can be identified using this marker. Therefore, Sox9 is a good candidate cell dissociation media (Sigma). The cells were washed in HBSS at 300 × g for 3 min, and 22 million cells were as a Sertoli cell marker in heterotopic transplants.
The current study examines Sox9 expression in the transferred to 1-cc syringes fitted with 25-gauge butterfly needles (Abbott Laboratories, North Chicago, IL). prepubertal testis of both the rat and the pig as well as its expression in transplanted Sertoli cells. The results
The cells were allowed to gravity settle in the tubing of the butterfly needle and were injected either under the demonstrate that Sox9 is a specific Sertoli cell marker SOX9 IN HETEROTOPIC SERTOLI CELL TRANSPLANTS 501 kidney capsule or in a subcutaneous space formed by a skin were stained in a similar manner to determine if Sox9 was expressed at these sites. Negative controls purse-string suture of the skin of female Lewis rats (100 µl volume) or SCID mice (20 µl volume).
were prepared by deleting the primary antibody from the staining procedure described above.
Harvest of Transplanted Tissue
RESULTS The transplantation sites were harvested after 21 days and placed in Z-fix  (zinc sulfate formalin fixative, Ana-Expression of the Sox9 protein was observed in the 17-day-old Lewis rat testis and in the 3-day-old outbred tech, Battle Creek, NJ) overnight. The tissues were processed and embedded in paraffin using standard his-porcine testis as shown in Figure 1 . Nuclear staining specific to Sertoli cells in the seminiferous tubules of tological techniques. The tissues were sectioned at a thickness of 4 µm for immunohistochemistry.
the testis was observed in both the rat and porcine sections. No staining was observed in the peritubular cells Immunohistochemistry surrounding the seminiferous tubules or in the interstitial area containing the Leydig cells. No germ cell staining An affinity-purified rabbit anti-human Sox9 antibody was observed in either species. There was no nonspewas obtained from Dr. Vincent Harley (Victoria, Austracific staining seen in the negative control. These results lia). The characterization of this antibody is described confirm the specificity of expression of the Sox9 protein elsewhere (3). This antibody has been shown to crossin the testis and demonstrate cross-reactivity of the antireact with human, rat, and mouse Sox9 in the testis (3) body across species. and shows a tight 65 kDa doublet (its predicted molecu-Syngeneic rat Sertoli cells were transplanted under lar weight) by Western blotting of rat testes extracts (5).
the kidney capsule and into a subcutaneous space The tissue sections were subjected to citrate buffer antiformed by a purse-string suture of the skin in female gen retrieval (Biogenex, San Ramon, CA) to aid in bind-Lewis rats. The implants were harvested 21 days posting of the anti-Sox9 antibody. Briefly, the Biogenex citransplant, and staining of the transplant sites with antitrate buffer was preheated in coplin jars in a vegetable Sox9 antibody revealed positive nuclear staining of steamer (Black and Decker, Hampstead, MD) until the Sertoli cells (Fig. 2) . No specific staining was observed solution reached a temperature of 95°C. Slides mounted in the surrounding tissue. Staining for the Sox9 protein with sections of interest were deparaffinized and hyclearly delineates the reorganization of the transplanted drated to distilled water. The slides were then prewar-Sertoli cells into testicular-like tubular structures at both med with tap water and placed in the prewarmed citrate ectopic sites. Sections showing vimentin staining are buffer, followed by steaming for 30 min in the vegetable provided for comparison. Vimentin stains the tubule steamer. After steam treatment, the coplin jars containarea as well but also stains other cells in the surrounding ing the slides were removed from the steamer and tissue, indicating that it is not specific for Sertoli cells. allowed to cool for 20 min. The slides were then rinsed Similar specific Sox9 staining was observed in the kidwith distilled water, treated with 3.0% H 2 O 2 , and incuney subcapsular space following transplantation of bated overnight with the anti-Sox9 antibody (1:400 diluxenogeneic 3-day-old porcine Sertoli cell-enriched preption) in a humidified chamber. The slides were rinsed arations into a female SCID mouse (Fig. 3 ). These data with Dulbecco's phosphate-buffered saline (DPBS; Sigma), demonstrate specific staining of the Sox9 protein in Seramplified with a Ventana Amplification kit (Ventana toli cells in heterotopic transplant sites, which resembles Medical System, Tucson, AZ), and stained with a biotinthat observed in the native testis of rats and pigs. ylated goat anti-rabbit antibody (1:150 dilution; Dako, Carpinteria, CA). A streptavidin-enzyme conjugate was DISCUSSION added to the slides. Following washing, the chromogenic enzyme substrate (diaminobenzidine-H 2 O 2 ) was added Sox9 is a member of the SOX family of transcription factors containing a SRY-related HMG box (9) . Sox9 and developed. The sections were counterstained with Light green and examined under the light microscope.
expression occurs downstream of SRY in testis development (18) and is responsible for maintaining the Sertoli Staining for vimentin, using a mouse anti-human vimentin monoclonal antibody (1:50 dilution; Zymed), cell phenotype and testis development (3, 8) . Sox9 expression and function are evolutionarily conserved and was performed using citrate buffer (Biogenex) antigen retrieval as described above and stained using a semiau-are specific for Sertoli cells in a variety of species (3,12). Therefore, Sox9 was an excellent candidate as a tomated immunostainer, Model Nexes IHC (Ventana Medical System) with diaminobenzidine as the chromo-Sertoli cell-specific marker.
The results from this study clearly establish the Sox9 gen. The slides were counterstained with hematoxylin. Nontransplanted control tissues from the kidney and protein as a specific Sertoli cell marker both in the na- tive testis and in heterotopically transplanted Sertoli pancreatic islets and dopaminergic neurons, respectively. cells. Sox9 is a nuclear transcription factor that localizes in the nucleus of both prepubertal and adult Sertoli cells.
